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The electron paramagnetic resonance (EPR) 
technique has proved to be a powerful tool to study the 
magnetism at microscopic level and yields useful information 
about the interactions that effect the magnetic state of 
matter. The site symmetry of impurity ions in the host 
lattice and its associated lattice defects, symmetry and 
strength of crystal field at the site of magnetic ion are 
some of the studies undertaken in solids using EPR techniques. 
This thesis describes the result of investigations on EPR 
of (ITH^) 2020^0 H20;Mn^'^, and T1A1( SO^) 2 * I 2 H 2 O sGr^"^. 

The Chapter 1 deals with a brief introduction 
to the phenomenon of electron paramagnetic resonance and its 
application to a variety of physical and cheraical problems. 
Some of the special features of EPR spectra has also been 
given. 

The Chapter 2 describes the basic theory of 
EPR and other details required for the analysis of the systems 
studied. 

The Chapter 3 describes the EPR study of 

2 + 

Mn ion in diammonium oxalate monohydrate single crystals. 

Two magnetically different otherMse, similar centres 
(related by screw diads) are found corresponding to the 
ammonium ion sites in the unit cell. The Z-axes of two 
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centres are found in the ab plane of crystal lattice. 

The anguliir separation beti^reen two Z-axes is found to be 
60 . The EPR study indicates that an Mn ion substitutes 
ion and gets associated vdth a vacancy at the first 
neighbour ion sites in the ab plane. 

The Chapter 4 deals with the EPR stiidy of 

2 + 

VO ion in the single crystals of potassium dihydrogen 

orthophosphate. This study revealed the stabilization of 

two types of vanadium complexes in Eli^PO^ lattice. The 

predominant complex, in terms of large intensity, is 

attributed to VO^'*' ion entering interstitially and complexin 

with four oxygens belonging to four neighbouring phosphate 

groups, to form a nearly square pyramidal complex such as 

one found in vanadyl acetyl acetone. The absence of any 

proton structure suggests that the removal of hydrogen 

cation is the mode of change compensation. There seems to 

be magnetically four inequivalent but symmetry related 

positions for the formation of such a complex. Pour pairs 

of Z-axes of formation of these complexes lie in the ac 

o 

plane making 20 with c-axis. All these centres become 
equivalent along c-axis. Apart from this the EPR study 
reveals the ordered intercrystallization of [V0(H20)^ 
complex in EH^PO^ lattice. 
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The Chapter 5 describes the BPR study of 

■5+ 

Cr^ doped thallium alum single crystals. The impurity ion 

5 + 

seems to have replaced A1 ions in the host lattice of 

alum. Tour directionally different, other-wise, similar 

magnetic centres wore observed. The cr^rstal field about 
3 + 

Or ion in other alkali al^ims together with the present 
work indicates 'that the size of monovalent cations probably 
affect the atoms at trigonal sites and this seems respon- 
sible for the trigonal distortion of crystal field at the 
3 + 

Cr ion site in the lattice. 



GflAPTfJil I 


liWSOLJCTIOivT 


Electron para,iaa'i>aetic resonance (EPR) 
discovered by Zavoisicy in 1944 , is the nhenomenon of 
resonant ab'' oration of nicrowave radiation amon.'^ the 
Zeeman components of the electronic ground state of a 
paramagnetic species. This technique gives precise 
information about the magnetism of the electronic ground 
state of a system, the only requirement being that the 
system under study should be paramagnetic. Paramagnetism 
occurs wherever a system of charges has a resultant non- 
zero angular momentum. Thei-efore, when one tries to 
understand the magnetism of o- B 3 rsterii at the i;''icroscopic 
level, he ends up with studyin . the properties of angular 
momentum, both of spin and orbit, in the electronic ground 
state. This in turn gives valuable information regarding 
the way a paramagnetic ion interacts ^hth its surroundings . 
Transition metal ions and r-are earth ions, because of their 
incomplete d and f electron shells respectively, are 
good candidates for these studies and have been the subject 
of a number of very fruitful, iuvresti gations . 

The principle of EPR in its simplest form 


is as follows. Consider a free atom haviag orbital and 
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spin angular momenta i and S respectively resulting 
in a total electronic angular momentui'i ? = 5" + I'lie 

magnetic dipole iiioraent asiociated I'nLbh the atom is 
jj, where p is the Bohr magneton and g is lands ‘s 

factor given hy the expression 

g = 1 + ^JlJ+iI±sls+u~iCktU 

2J(J+1) 

under 1-S coupling. In the presence of a magnetic field 
of strength inadequate to decouple the orbital angular 
momentum from the spin, the atom may 'ooss^ss any of the 
discrete set of ener.-iies Ji) given by B = -p-H 

or B = - gpi'l jH 

where J-'lj ' s are ma _,netic quantum nutAbers having integral 
values from ~J to +J, The splitting o!. the energy levels 
is determined by lands 's g~factor, the separation between 
two consecutive states being equal to g,hi. If the 
system is subjected to a microwave radiation field of 
frequency v such that hv = gjiH, an absorfitiou of energy 
will talcG place Collowing the selection rule Alij = +1, 

^i/hen the paramagnetic ion is doped in a 
crystal lattice, the paramagnetic resonance spectrum 
would be dif ■'‘erent from that of the free ion. In solids. 
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there are strong interactions between the para.magnetic 
ion 'nd its immediate diamagnetic neijhbourSj, and the 
orbital angular momentum gets particllg or fully quenched. 

In such a situation the spc otroscopa-t* 'Splitting Jactor g 
need, not be isotropic. This is because part of the magnetic 
momenb arising from the orbital motion of the electrons 
is modified by the crystalline electric field amid the 
magnitude of the orbital contribution to the g-value is 
usually difierent in dif Cerent directions and snows an 
angular variation which follows the s^nmmetry of the crystal 
fieD.d, The total g-value (spin plus orbit) may then be 
anisotropic b,:' an amount that depends on the magnitude 
of the orbital contribution to the ma,gnetic moment and on 
the asymmetry in the crystal field. Tor all the cases, 
an anisotropic g-value can be represented by three 
prJLncipal A^alues, g., , gv and g_ in a principal axis 

Ay Z 

systeja i.e., in which g = g = g = 0, 

In a direction having the direction cosines 
with respect to x,y,z axes, the g-value is 


2 ^ 2 2 , 2 2 ^ 1/2 
{l + m gy + n ' 


(S; , m, n) 
given by 
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ifnen once the reeonanice condition viz, , 
hv = is achieved th.ere are other factors which control 

bhfc continuous absorption of energy by the ui3,gnetic system. 

The ooj?ula.tion in the Zeemo.n components obeys Boltzmann 
distribution, and art any given temperature the lower level 
will be more populated than the upper one. When the 
resonance absorption occurs there will be a tendency to 
eq.ua,lise the populations, and unless there are laechanisms 
vhicii maintain the population difference continuously, 
paramagnetic resonance absorption ceases to oe significant. 
Such mechanis'i's are called relaxation processes in which 
lattice plays a significant role. It acts like a huge 
reservoir with which the magnetic system changes energy 
with a characteristic tine, usually represented as T^, 
called Spin-lattice relaxation time. This is a charac- 
teristic of a given magnetic ion in a latt'oe at a 
p8.rticn.lar te perature and nornally it increases with decrease 
of temperature. 

The spin-lat cice relaxation ti'Uj contributes 
to the width of an IPJl 3.ine, Another frequent case ox 
line broadening ocenrs due bo high concentration of 
paramagnetic ions in solids. This arises due to dipole- 
dipole interaction and it can be considerably reduced by 
diluting a parama.gnetic su,lt with an isomorphic dia- 
magnetic substance. 
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ElPBRIr'k;l^TAL OBSliRVA'I'lOF 01' 3PR 

The raanif eotatioii of ma-fiietic resonance 
absorption is nornaal^y obser'^ed by de oectins’ the magneti- 
zation of the spin system due to the alternating magnetic 
field H^(t), There wil3. ce two components of that 
raagnetizatioiij nsually represented by the corresponding 
susceptibility X , one in phase xrith (t); y"*- , and 

the other 90 ° out of phase xfith ii^(t) 2 X'''J X'' and X'' are 
related by Kramers-Rronig equations and they give dispersion 
and absorption of energy by the spin-system respectively. 

The experimentally observed quantity in the absorption 
mode is d X^VdlT as a function of ii. In the present 
investigations, a Varian EPR spectrometer 7-4502, operating 
at S-band frequencies (9~10 G-Hz) has been used. 

SPSCIAl FEATURES OP EPR SPECTRA 

a . Fine Struct ure 

In paramagnetic systems, which tona part of 
a solid or a comple?;, where the ground state is an orbital 
singlet with spin multiplicity greater th 0 .n two (i.e., S ^ l) 
very often there are initial splittin-;s of the ground 
state multiplet even in the absence of maj,'netic field. 

The most important caiise of these splittings is the Stark 
effect resulting from asymmetrical crystalline fields 
together with the spin-orbit interaction which mixes the 
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ground state uxtii tJie escitec SoS/ce. there 

are zero 'Lie^.d splitting’s of the ;,ro'..''.d state ’'fultiplet , 
the Zeeiuan cooaorienss cease to be fequal7-: spaced o-nd 
all the I’eoonant trasi litio.i ( ^ii_= +l) do net occur at 
the sane snerj;' ocxc t .esc vrill be 2S -.^el separated trans 
tions. This is called the ’fine t'criict re' ol tbe 


i’ 


paranm -,netic resononce spectruru The 
separa.t ions /give valuable 'ivuintitative i 


fine straebure 
rf or-iia'i/lon a.bout 


the crystal field interactions and will bo ciocassed in 


detail in tne next chapter. 

b . Hvid e iul i Structure 

Whenever oj.te nucleus of a pax’-'m:. nietic ion 
has s'oin I,- there will jo a uagnetLc int sro.c'aion of the 
type I.A. 3 between tne c3-ectron atid the nucleus onid each 
fine structure ener,gy .level splits into (21 -h l) levels. 
The r.i. field which ca'ises electronic 'o‘jiii-f .lip ' does 
not cause siLau.ltaneous nuclear suin i,ran:>itionG in the 
fi.rst order. The eelectio^x rules therefore are 


Ah = + 1, Am-r = 0 

s ~ ’ 1 

c • Sup er -iiyp er f ine Stimc t ur e 

This results froiu liyperfine interaction 
between the metal electron and the ncishbourinp ligands 
and nuclei. This gives quantitatiAre infer, lation about 
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tile delocalization oi electron over tlie ligands. liiis is 
among tne most elegant contrib unions oi Sj?R towards 
understandin g tlie nature of chemica.1 bond. 

Over tile laot two decades , SPR has been laost 

successfully used for a variety of problems in phj^'sics and 

chenistry evolving from teclinique-oriented to problem- 

oriented research, EPR together with optical and thermal 

studies contributed substantially towards a clearer 

understanding of formation a,nd structure of colour centres 

in solids. Its most recent contribution to the medical 

sciences is the identification of a malignant tumour which 

may at a future date, lead to a clearer understa-noing of the 

cause of cancer. A electron parame-gnetic resonance of 3d 

transition metal ions has been quite well understood and 

therefore the’''e ions serve as excellent candidates to 

probe the crystal fields, A’long 3d transition ions 

V‘‘^’*'(3d^) , Cr^'^(3d^), Mn^'*"(3d^) 8,nd CLi^'^(3d'^) can be most . 

ef f ectivel^'" used as their APR can be observed over a X'jride 

temperature range including roo-i te aperature. The present 

2+ 

study deals with trie stud 3 " of iJl2P0^ using 70 as probe, 

(IuI^) 2 C 2 '^ 4 * using as a probe and TlAl( 30^)2 "ISH^O 

3+ 2+ 

using Or as a probe. The study on 70 

revealed for the first time about the functioning of 

2+ 

lattice in helping the stablization of certain VO 
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coLiple^iLS . 'i'lie ■'’’ork oc rir6t 

i'.we'itigai'ciori of this lat'ctce ■■'ara.iao.-inetio ions a 

proces. The ■'ror'': on 't 1A1( SO^, ) p, ]_ 2 E 28 has been 

t i';erj ^ip as a part of ILe jotIz coil'' ear'’.i.r in this 
lab 0 : at or to uiirerstajir the sffecc of tran'=ition 


xrapa: 


‘le different 


’onir icaxion 


iLirtbor details re;ardin-', the subject can 
be obtained fro". a li^ t o. peueral refere.xces given at 
the end of this chapter. 
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CHAPTER 2 


TliEORY 


ABSTRACT 


General Haiiiiltonian for a, paramo. '■^netic ion 

in a crystalline field is described. Crystal-field 

splittinj of the grounr": state of the pa.ramagnetic ion has 

^ 4 - 

been elaborated taking the example of Cr ion in a, 
crystalline field of octahedral symmetrjr. The effect of 
spin-orbit coupling on the g-factor is described, A 
short description of the spin Hamiltonian is given. A 
brief summary of the mechanism of zero field splitting of 
an S-state ion in the host lattice is described. An 
anomalous hyperfine splitting of S-state ion is explained- 
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The Tijj.,iltoiiie.n. for a paraaiagnetic ion in a 

A 


solii may be eapressec' as 

^ = X-+ +..h; + H 


+ H. 


( 2 , 1 )- 


The ter-ms occorin'T in che above expression 
have the folio vin_ raeanin ;s, 

1. Hjj stands for tbe sum total of the tinetic energj^ of 
e-lec crons, their potential energy in t]\e nuclear field and 
electrostatic potential energy due to electron repul'jion. 
riathemat i cally it can he expressed a'- DeloTj- 


,Pi 

%= " <2^- 

1 


^ ^ j: _e_. 


(2,2;) 


Hers re'prese-ts the a 'gnitude of linear 

momentum of ith electron of mass m o-nd charge e, r^, the 

distance oi the electron i from the nucleus of atomic 

number Z, and r. the distance bet-t.ree.i electrons i and 

ij 

j. The contribution to i e energy frci this term is of 

15 -1 

the order of 10 cm 

2. The term H-xr^ gives 'che snin-orbit couaoling and it 
can be written as 


%S 



J 


E 

3 


( 2 . 3 ) 
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where Z ■ and s. represent orbital and spin an-i-uls-r 
raomenta of electron i and electron j respectiv/'elj?'. The 
above expression can, hoxjever, be expressed in a simple 
f orm 





and S 
terns 



derived. 


of free 
form the 


ion so lon.^' as we consider onl.y 
^ronnd state def.lned by eqaation 


(2.2). The interaction ener^'y is ^’enorally of the order 
of 10^ to 10^ 


3" represents the interaction of electronic spin (S) 

and nuclea,r spin (I) which ca,n be expressed fin 0'4‘i» The 
tensor A, known as hyporfine interaction teissor, ma}/^ be 
isotropic or anis otronic. Tne icotro'''ic h 3 ^perfine 
interaction is attributed to feroii contact viiich has non- 
vanishinj, conti'ibn.tion for electronic wo.ve i. unction having 
a finite value at the nucleus. The einression of this 
interaction is ;iiven by 



where ’I' (0) is the wave fu)ictio.n at the nucleus and 
suffix i'4 refers to the nucleus. Tho anisotropic contri- 
bution to the hyperfj.ne interaction arises due to spin- 
spin interaction. If and represent the magnetic 
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dipole raoinents corresponc ing to the -aacloar and electronic 
angular momenta respecti\/'ely, the classica.l expression for 
the dipole interaction energy is giv-en by 






e jil. 
33 


3(Pg-r) (i-ij.r; 


( 2 . 4 ) 


for a quant^im mechanical systei.i, the uia,gnetic 
moment must be replaced by the corresponding opersitor. 
Thus 


dip ^ ^3 ^5 ^ 

The total hyperfine interaction energy 
(isotropic and anisotropic) can be '/ritten as o.A. 't where 


A = A 1 + A' , where 1 is ine unit tensor. 

~ 0 


.'his interaction 


gives rise to hj^’perfine levels. The sep.:irauion of hyperfine 

_2 -1 

levels is of t.:ie order of 10 cm 

4. h-Q stands for nuclea.r quadrunol'- interaction and it 

..k **■ 

can be written as 1. 1 *^. I, The comoonsnts o? quadrupole 

tensor Q. . are proportional to second order derivative 
10 


components 


Y. . 
10 


9 pV/ X. X. of eO.ectrostatic potential 
V, In the p?oincipal axis system Q* ' may be expressed 
as 


Q 


21 ( 1 - 1 ) 


Y. 


XX 


0 


Y 


JJ 


.0 


Y. 


zz 


( 2 . 6 ) 
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The quadrupole interaction energy for axial symmetry is 
given by 

-*■ evlV Q 

I.Q.I = -- — ^ ~ I(T+l)] (2,7) 

41(1-1) 

This interaction term shifts the hynerfine level by a 
small ajuount 10™'^ cm~^. 

5. term describes the crystal field interaction and 
may be represented by 

= Se ''/■(r ) (2.3) 

i 

where is the crystal field potential at the location 

of electron i, 

6. The last txfo terms in tne Hamilto lian represent the 
electron- Zeemen and nuclear- Zeeman interaction terms and may 
be written as 

= p(Irf- g^S)Jl (2.9) 

and = (ii/2Ti:) (2.10) 

where Yj^ 4^ 4 be jaagnetogyric ratio of the ith nucleus. 

The contribution of latter term is negligible ( lO'^om"^), 
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In order to know the exact solution of the 
general Hamiltonian, one should solve the Schrodinger 
equation. But because it poses a formidable mathematical 
difficulty to do that, tne solutions are obtained by using 
the perturbation theory. Since the effect of crystal 
field on the state of transition metal ions of iron group 
is very large, it is dealt with separately, 

CRYSTAL BIBLI) SPLITTING 

The magnetic ion in a crystalline solid 

is subjected to a stark field. This field is due to 

electronic and nuclei charges of neighbouring ions. In the 

crystal field approximation, the sources of stark field are 

regarded as point charges or dipoles located at the centres 

of corresponding charges (ligands). These surrounding 

ions have some symmetry about the metal ion. Depending 

on the symmetry of the field, the degeneracy of ground 

state of the magnetic ions is lifted completely or partly, 

2 

The symmetry considerations have led Bethe to find a 
qualitative solutions for the splitting of degenerate 
electronic states with the help of group theory. How the 
symmetry of crystalline field removes the degeneracy of 
on electronic state can, however, be visualized in the 
following manner. 
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let us consider, for exaciple, electron 

of 0. parai'.a.g’netic ion in its *d' orlita.!. Let the ion be 

located in an octaliedral crystalline field, obtained by a 

set of six equal and identical noixit charges situated at 

equal distances on fjY, and Z-axes of a Cartesian coordinate 

system from its origin where the seat of parainagnetic ion 

is taken. Uut of the five d oruitale d^,^, d_,„ and d^_ 

■‘-j y 

are located in similar environments of crystal field and 
therefore correspond to equal energy. The orbital d^2_y2 
with its area of maximum charge density lyin'., neax’est to 
the charges on Z and X- a:.es corresponds to higher electro- 
static energy as compared to d^ - and orbital. 

2 ^ 

Similarly the energy of 'd-^ orbital is greater than that of 
-^x»z The energy of d^2_^^2 and orbitals 

GOi'ies out to be same though it is not so ajpe-rent here. 
Therefore it is oeen frou the sym'ir-try consideration that the 
degeneracy of d-orbibal e3-ectron in a cr 7 sta.i 3 .ine field of 
octahedral symmetry is partly lifted. We get a low lyin^ 
triplet state and a. higher 3.y.in_. doubly degenerate state. 

The de'Tcneracj^ of t'^.e ground level can 
also be lifted due to Jahn Teller efCect, This states 
that a non-linear molecule with the degenex’-a '"e ground 
state is unstable and it distorts in such a way that the 
ground state becomes non- degenerate. 
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There is aaiotjor important theorem which 
deals with the restriction on deti’eneracy which can >e 
reittO'/ed by an electrostatic iield. This is kno^m as 
h'ramers Theorem. This states tnat the de.'^'eneracy of any 
level of a system with an odd number of electr’ons cannot 
be reduced below two-fold by a pure^.y electrostatic field. 

The degeneracy/ of sacli a system can only be removed by a 
magnetic field. For the understand In j of cryrstal field 
splittin-y quanti baxively^ let us consider a paramagnetic 
ion situated at r near the origin of 3, coordinate system, 
let the radius vector E. . represents the loca.tion of a 

t} 

discrete point charge q. constituting the ligands. The 

t) 

potential due to point charge q. at the position occupied 
by a magnetic ion is giver by 

V = (2.11) 

The potential due to all the surround in;; lixands will 
therefore be 

V = Ey. = Z— ii (2.12) 

3 ^ 3 I 

where the inder j sums over all the surrounding ligands, 
Sometimes it is convenient to express tbe potential in 
rectaiijuljr ooordina.tes . For example, when the symmetry 
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of the crystalline field is octahedral the potential at 

a point h-vin^ coordinates (x, y, z) due to negative points 

cherges q's located at distance + d from the origin on 

8 

X5 Y and Z-axes is -given^ by 

= 6q/d + (^blAd-^) [x^+yVz^ "•(3/5)r'^] (2.13) 


Here the series is terminated at terms containing only 
the fourth power of r, as contribution from higher ' order 
terGis would be zero for ’d' electron with which the work 
in this thesis is Concerned, 


If the charges located on Z-axis are slightly 
displaced away from the origin by a distance e ■ as in 
li 2.1, the symmetr^j of crystalline field becomes tetragonal, 
how tiie potential due to this is given by 


Y,(x,y,z) = A, [(3z^~r^) + (l/d^)(35z'^/3 ~ 10r^z^+ r"*-)] 


+ [x"' +y^+z^- (3/5)r'^] 


(2.14) 


where = - 5qe/4 and = 35q./4d^. It is a‘-''simecl 
that E « d. here the co-effictent A^ gives the 
amount of tetragonal distortion present on the octohedral 
field. 



z 


I 

I 



Fig. 2.1 Schematic representation of a para 
magnetic ion located at octa- 
hedral/tetragonally disorted octa- 
hedral site. 

• PoKsmagnctic ion 

o Ligand -ions constituting octahcdroh 

o Displaced position of ligand ion on 

Z- axis 


E 

4 


Free ion 


X 




'ig 




- 

^Crystal fieldi.tffect 

' 't ' ' *'f \y 'j ' 


Fig. 2. 2; ' 

f'd dS'I ) '< i i i J'f .'il i " i. ' *1 ' '■ ‘ ' ^ S'" " ^ 4^ d i/ii'l I, ; ^ 
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'fhe modification in tie energy of d~electrons 

produced by the cr 3 ^stal Cield can be computed by matrix: 

elements of the type J, J, , In this 

e>:pression represents potential cnerpp' operator and 

J, li. refer to total ancpj.lar inoment'om and its projection 

on the quantization axis. For the psirpo^'e of computing the 

contribution of crystal '.'ield to energy, the function x, j 

and z in tlie crystal field operator majr be replaced by the 

angular momentuiD onerators J , J and J , based, on 

X' y z 

Stevenson Theorem which states that for a set ou eigen 
2 

functions of J and all having’ the same eigen value J, 
tne matrix element of x and J , y and J erd z and J„ are 

J y 2 

respectively proport ioiia,! to one another. 

In the trails foriaa.t ion loncommuting property 
of the operators is to talien into account. The operator 
equivalents of some functions are given in the table 
belo'^iT^ 


Function 

Opersitor equivalents 

x^,y^, ^ 

(3^)^, (3y)^ ( 32 )'' 

2 

r 

J (J +1) 

2 2 

X z 

+ 5J ^ - 2j 

r'^ 

J^(J+l)^~(l/5) J(J+1) 
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, A 4 4 

Tlie operatoz* equivalent oi (2^ + y + z - 
(3/5) r^) is tlius 

-y§“ [35 ~ 3 lJ(J+ 1 )J 2 ^ + 25 - 6 J(J+ 1 ) 

P (2.15) 

+ 3J^ (J+l)^] + + J_^) 

2 2 

and the operator equivalent for (32~ - r ) is 

[31^^ - J(J+1)] (2.16) 

where | 3 ^ > constants. The above expressiono 

are true for weak field case. i-'or iois in the crystal 
field of intermediate strength J's are replaced by I’s. 

Thus 5 

^^oct - 301(1+1)1^^ + 251^^ ~ 

““ 6 Jj(Ij+ 1 ) -h 3 ^^ (Ij 4 - 1 )^] + ( 2 ol 7 ) 

Q ' "** 

het = hot + “t (2.1a) 
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The matrix elements o . an P-state 
crystalline field of octahedral symmetry are 


ion in a 

3 

jiven below s 


\l3> |2> 1i> |0> I -1> 1~2> I -3> 


I 3> (3/10) A (V15/lO)i5i 

|2> (-7/10) A A/2 

ll> a/ 10 (\ri5/lO)A 

l0> 3A/5 

1-1> (V'15/10)a a/10 

|~2> A/2 (-7/10) A 

|~3> (1/'15/10)A (3/10) a 


The secuiia.. determinant can be arraxiged into 
diagonal blocks, which on diagonalization separately give 

¥(T, ) = (3/5)A (Triply de, generate) 

-i-s 

= (-1/5)a (Triply degenerate) 

'■•/(Ap,^) = (-6/5 )a (Singlet) 

Here A = 30i3 , and T-, T^^ and A^^ denotes the 

G Ig 2g 2g 

species the levels belongs to, under the octahedral 
sym'iietry group. This splitting is shown in I'ig. 2.2. 
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SPIlT-OiiBIT aOUPLIiT(^ 

The ef::ect of crystalline field is to remove 
partly or completely the orbital degeneracy of the ground 
state of a magnetic ion. IVhen the orbital degeneracy is 
lifted completely, the orbital anguT.-r Momentuxa of the ion 
is Paid to be quenched. This tendency of crystal field is 
is opposed by spin-orbit couplin which interacting with some 
of the escited states, tries to min some orbital angular 
momenta to the ^^oimd state. The amount of admixture of a 
state into the ground state, however, depends inversel 3 ?' upon 
its separation from the ground state level. The result of 
this admixture is to deviate the value of effective *g' 
factor from thc-t of the free spin of electron. The 
Ha'iiiltoiiian for a free atom having spin-orbit interaction and 
subjected to a m.'.gnetic field H is given''^ by 

Ia’“ = + IlgQ = (1 + g^S) L,S (2.19) 

The terms in the above expression stand for their usual 

meaiiin;^ and g^ represents g factor tor electronic spin. 

how if we assume the ground state to be iiondegeherate 

orbitally and denote it by | G-, M > in the first order 

s 

approximation, the energ 3 r of ground state is given by the 
diagonal term and is therefore 
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E 


= <G, + X(E.S)| 


z ' z 


( 2 , 20 ) 


•where the GLuantization axis is taxen as the z axis. 
Rearranjin j, we have 

= <G, li ) pH s S jG, M > + <G,M I 
^ s* z © z s s* 


|(?H^ + I^l s, li 




The first tern in eqaation (2.20) is the spin only Zeeman 

5 

energy. The seconc* term in this equation^, can he •vjritten"'^ 
as 




Sance the expectation value of is zero this term 

vanishes . 

The seconrj order contrihution in the Hamiltonian 

matrix is 


li’ 


M ,ii' 

s’ s 


!<G,fI KPtH- S)-l+s jH-‘s!n,M'jH^ 

S ' — - -(2.21) 


n 


( 0 ) ( 0 ) 


11 


Here Z' implies summation over all va3.ues of n 
excepting n = G, 
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Tile matriz element from tiie second term i:'i 
equation (2.2l) \t111 be zero since <0- j n> = 0 vfhile 
the first term yields 


H 


3 * S 


= -E * [ 

in 


<tl I S) - C&ll-|n><n|llG> 

o 


5; (0), E.(°^ 


n 


(S 


(m + s) M/- ] 


Since the outer product of two matrix eloments yields 
a second rank tensor, x-j-e can define 



where suffixes i, j stand for x, y oi* z, 
E enc e 


H 




[ <n I (i3H + Xs) • A • (r3H + 


XS) Ei *\] 

fcj ' 


. 22 ) 


= < M IP^H* a • ii +X^s- A • s +2i3 E-A •S1M> 
s ~ ~ s 


(2.23) 
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The first term on R.H.S, of equation of 
(2.23) gives temperature independent paramagnetism and is 
neglected"^. Taking into account tke energy term from 

the first orderj the resulting Hamiltonian can he written-^ 
as 

i-I = Pfi-g -S +X^S ‘ A -S + 2pXH- A -S 

O 0 

= (g -J + 2XA )-S + X^s- A-S 
= plt-g/S + S'D'S (2.24) 

Here I is the unit tensor, g = g^I + 2 xA ai'id 

2 ^ ^ 

D = X *A *3 is an operator which corresponds to the 

effective spin. The value of the effective spin S is 

determined by equating the total number of components of the 

.ground state which are responsible for param ignetic 

resonance absoT./cioj to 2 S+ 1 . The effective spin is used 

in the calcila-tioii of the constants in the s oin-Hamiltonian 

A 5 

developed by Pryce ' and Abragam and Pryce for transition 
metal ions of the group. Por an orbitallj?" singlet state 
the splitting of s'oin degeneracy is small and effective 
spin is talten as eqial to t.’ie actual spin. It is obvious 
that if X = 0 , the tensor g should be isotropic with the 
value 2.00232. Any devia^tion from thisWaliie involves 
contribution from the tensor A which is nothing but the 
conoribution froia the excited state. 
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r-, 3 

Tj-ie spin-spin interaction is also represented 

S‘*]D'S- wliich is effective for S 1 and thus it is 

not possible to separa,te it frou the analogous term in 

equation (2.24). The expression 3,1.3. can I'je put in an 

‘ 3 ' 

alternative form as shown"’ below 


S*D'S = 




in the principal axis system. It c_-,n be arranged as 


= iCS ^ - (1/3) S(S+l)j + S^^^) + 

-(1/3) [{D^+ Dyy + g(S«.)] 

Here D = + D^^)/2, anc'. = (D^^- D^)/2 


D is a traceless tensor mailing D1 + 1 '+ I) =.0. It is 

XX . yy zz 

seen that for axial s^rmm^itrv, B = 0, and for cubic symr-etry 
D = 0 also. However, in the case of cubic symmetry there 
ifrill be fourth order ter^is, which are aor;iiall37' very siiiall 
in the cases of strong axial sym.ietr 5 rj, to male the 
Hamiltonian invariant under cubic point group. Therefore, 


takinj, the h.f. interactions into account, the 
Hamiltonia-n can be written as"^ 


total 
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+ SyHySy 

+ ^(Sx^- + (a/6)[S^'^+ Sy^+ (1/5)S(S+1} 

• (3S^ + 3S -1)] + (P/180) [353^"^ - 30S(S+1)S^^ 

Zt Zi 

+ 253^2 ~ 6S(S+1) + 3S^(S+1)^] + 

+ AylySy + -(1/3) 1(1+1)] + Q"(I^^- ly^) 

Here a and P are fine structure constants, Q' =i 

3«zP2> «" = V^''^ \ 

princi 3al values of hyperfine tensor. 

ZL'RO-PIZLD SPlITTIHG OP S STATU TOPS 

2+ 8 6 

The ground state of Mn ion is 31 ^5/2* 

Since the electronic charge distrihu-tion of the S-state is 

spherically symmetric, the crystal field wiD.! not split this 

state. Purther, since the total orbital angular momentum 

= 0, the spin-orbit coupling will not, to a first order, 

split its six fold spin degeneracy. The zero field 

splitting of this state, however, is T;cnown since long. 

2 

The group theoretical treatment of Uethe indicates that 
this state with J = 5/2 gets split even in a cubic 
field, into two components- a doubly ^degt&ner'ate and a qt^artely 
degenerate. A further distortion of this field can cause 
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th.8 splittixig of quartet into two doublets. Thus in a 
field oC axial syinaetr}?- or lo-rer syii ■’etry, ■ 
zero field splitting gives three Kramer's doublets. The 
degeneracy of txjo'^'.e levels is lifted in the presence of 
magnetic field as shown in Pig. 2.3. 

The jjiechanisra or zero ficlo splitting of S 

state ion in crystallini; environment has been studied by 

several workers. The origin of splitting of this state 

7 

was first discussed by the Pan Vleck and fenny . They 
considered higher order admixtures involvin spin orbit 

3 

coupling. The mechanisms proposed by Pryce involves 

4 

snin-spin interaction and admixture of state from 3d 4s 

q 

configuration. Watanabc considered spin-spin and 

5 

spin-orbit interaction between states of 3d configuration 
responsible for zero field splitting. Blume and Orbach^*^ 
mechanism involves spin-orbit admixture of excited j 
into ground ^5/2 axial field split oing of 

deformed cubic host. 

¥ybourne^^ used relativistic wave functions 
in the calculation of cr57'stal field m8,trix element using 
-jj-S basis states for the angula.r part and Hartree-i’oek 

12 

type wave functions for the radial part. Sht,rma et al, 
tooic into account the spin-spin, and spin-orbit interaction 
together with overlap effect for calculating the magnetude 
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Ml 



Rg. 2.3 A schematfc energy- level diagram of Mn ion 
showing electronic levels in zero and strong 
magnetic field together : with splitting due to 
nactedf: spjh,:5ome of the typical transitions, 
i AMg* A are indicated by arrows. 
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and sign of the zero field splitting 'parameters D and E. 

15 

Srivastava proposed phonon induced crystal field effect 
for cuhic field splitting of thi'i st-.te. In general^ the 
zero-field splitting is d-j.e to all effects mentioned above 
though the relative contributions are dif f erent. 

A pure S-state will shotr no hyperfine splitting 
firstlj’- because its orbital angulc r momentum and therefore 
its orbital magnetic moment is zero o-nd secondly because 
the magnetic field produced at the site of nucleus due to 
the spin of spherically distributed electronic charge around 
the nucleus s is zero. Abragam proposed that the observed 
h.f. splittxng may be c’ae to conf ignration interactxon of 
3s 3d 4s, The s~ electron has nonvenishing spin density 
at the nucleus and therfore may contribute to Eermi or 
conte^ct interaction. Orbita'.s such as p and d have 
nodal pianos p.-irjsiii^ through nucleus oxid therefore lia.ve 
zero spin density. The contribution to the magnetic 
field due to electron at the ''ito o: nucleus maj;- come 
through core polarization. The cwo s-electrons of 3s 
orbital are couplied elccxrostat.i c^lly to 3d electrons. 

The wave functions of these two electrons differ from each 
other by an exchange term and consequently^ they are not 
paired off completely. This may give ri'^e to ma-gnetic 
field at the nucleus. The interaction between nuclear and 
electronic raa,gnetic field may give rise to hyperfine 
splitting. 
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CHAPTER 3 


ELECTRON PARAl'iAGlTETIC RESOHAITCE OP 
lOM IN DIAMMOni'CEI OXALATE MOHOilTDRATE SIF&LE CRYSTAL 


ABSTRACT 


24 - 

The electron paramagnetic resonance of Mn 
ion in single crystals of diammonium oxala.te monohydrate 

has been investigated for the first time. This study 

2+ + 
indicates that i'fc. ion substitutes for ion in the 

crystal lattice and is associated with first neighbour 

vacancy such that the Z-axis of the complex lies in 

a b plane. The spectrum has been fitted to a spin- 

Hamiltonian appropriate for orthorhombic symmetry. 
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INTRODUCTION 

2 + 

Tlie el-ectron paramagnetic resonance of Mn 
ion doped in a single crystal of diamraoninm oxalate mono- 
hydrate [ (Nli^) 2 ^ 20 ^. H 2 O] has been studied at room 
temperature. No DPR study seems to have been made on this 
crystal doped with impurity ions. However., DPR study of 
Y” irradiated crystal has been reported^ and it shows the 
formation of ^ 2 ^^ radical derived from C 2 O™ ion and OH 
radical derived from the water molecule in the crystal 
lattice, 

EXPERIIIENTAl PROCEDURE 

Single crystals of diammonium oxalate monohydrate 
2+ 

doped with Mn ion were grown from the aqueous solution of 
salt containing about 1 percent of f-inCl 2 by weight eva- 
porating the solution in a dessicator containing concentrated 
sulphuric acid at room temperature. The crystals were 
transparent and prismatic in shape with the growth axis 
along the c-axis of the crystal. This axis was confirmed 
by x-ray rotation picture taken with a Weisenberg camera. 

The crystal used for the EPR study had dimensions 0,5 x 
0.1 X 0.1 cm^. 

The EPR spectra were recorded with a Yarian 
¥-4502 EPR spectrometer. The magnetic field was produced 



36 


by a Varian 12 inch electromagnet and modtilated at 100 
kHz, The c^T’lindrical as well as recta.ngular resonant 
cavities were used. The spectra were recorded with a dual 
channel strip chart recorder. The frequency of the klystron 
was measured ^-itli iiewlett Packa,rd frequ.ency meter, Model 
X532 B. DPPH was used as a f ie3 d marker, 

CRYbTAl STHU'CTIHIE 

The crystal structure ot diammoxiium oxalate 
monohydrate has been studied in detail by 1-ray^ and 
neutron diffraction-^ techniques. The crystal belongs to 
an orthrhombic system and its space group is ® 2 (^ 2 ^ 2 ^ 2 ). 

In the ab plane of the crystal lattice, there are four 
screw diads , a set of two being parallel to the crystal 
a-axis and the other two to b~axis. There are four 
ammonium ions in the unit cell. 

The X~ray analysis places all atoms except 
the oxygens of water molectiles in the general positions of 
the space group ? 

xyz ; i y z I x + l/2,l/2 ~ y, z ; l/2-x,y+l/2, z 
with the folio ling parameters."^ 
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c 

3 

O 

X = 

0. 

032, 

y = 

0.027, 

z = 

0. 

066 

0(1) 

o 

X = 

0. 

200, 

y =~ 

• 0.056, 

z = 

0, 

140 

0(2) 

1 

X = 

0, 

118, 

II 

0.142, 

z = 

0, 

.001 

MH, 

4 

o 

X = 

0. 

386, 

V = 

Oj 

0.223, 

z = 

0. 

424 


The 

water 

mo" 

ecules 

are 

situated 

at 

0, 

1/2 


0, u xj-itli u = 0»192. 'file a,bove parameters are referred to 
the unit cell dimensions 

a = 8.04 i, h = 10.27 1, c = 3.32 i 

The structure of diammonin.m oxalate monohydrate projected 
on the basal plane is shown in fij. 3.1. 

RESULTS AiLD DISCUSSION 

2 + 5 

The electronic configuration of I'in is 3d 

6 

and consequently the ground state of toe free ion is S^y 2 ‘‘ 
This state is orbitally nondegenerate bat has six-fold spin 
degeneracy. Under the action of the crystalline field of 
orthorhombic symmetry or lower symmetry, this degenerate 
state is splits into three Kramers' doublets which 
further split into six levels under a static laagnetic field. 
The DPR spectrum of Mn ion in such an environment is 
expected to show five fine structure transitions and each 
of these will consist of six hyperfine components due to 
nuclear spin I = 5/2. figures 3.2, 3.3 and 3.4 show the 
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2+ 

Zi Zj and T-ases spectra respective!/ of Mn ion in 

(^^^ 4 ) 2 ^ 2 *^^ single crystals at room temperature. 

The Z-axis spectrum, corresponding to the maximum spread 
« 

has been obtained by rotating the crystal' in different 

planes using two-plane goniometer. Z-axrs has been found 

to lie in the crystallographic ab plane, Z and Y axes 

are located hj studying the angule.r variation in the ab 

plane and in a plane obtained by making the c-axis 

5 

horizontal with the help of two plane goniometer and 

looking for the extreme separated by ^0°. The angular 

variation further revealed the existejice of two identical 

Z-axis spectra at an angular separation of 60° in ab 

plane. On further rotation of the crysta.1 in this plane 

no such spectrxim was obtained till 130° part of the . 

first Z-axis spectrum appeared. The angular variation 

of the spectrum for one complex in ZX plane is shown in 

Fig. 3.5* This clearly indicates the existence of two 

physic -'lly identical complexes -^jhich are magnetically 

ineq,uivalent for a random direction, with their Z~axes 

separated by an angle of 60° in the ab plane. The most 

2 + 

probable site which Mn ion will occupy is a substitu- 
tional position at 1^4"*" site. In figure 3.6, the 
positions of four ammonium ions in the unit cell are 
marked by I, II, III and IV. The ammonium ions marked 




FVh 3.5 AHCJUMd miAl’IQH'oF THE AliOWED FI13E SiaUCTURE TRAJISITIUll) 
11 THE ZX HAm OF TliE OHE OF THE MAOHBTIO 0OMFEEXE3 OF Mn^ 
m SIMOEE CaX3T4P. 
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bj I and II ' 1-11 5=6 a.re related, by C 2 & 3 ^iQiaetry 

abvMit t ■'e c-ajLis, and so aloo uliose uiarked. by III and IT, 
Ihese two oct;: are not quite iiidiependent and are related 
by screvr diad'-n If Mn”"*" occanios a site and is 

not associated with any cliar^ge coiapensatin_, defects the 
spec'cru..' essentially should reflect the symnetry of the 


crystal wich C'-axis (G 2 ) as the Z-arn.s. However, this 
has not been che case. The observa^tion of a complex 
havin,,, two possible orientations such that the corres- 
pond in ; 2r-axes are separated by about 60^ in the ab 
plane is consistent with the following model. Mn 

occupies the iSiii ion sites I (or H) and is associated 

4 

with a first neighbour cation vacancy at II^. A 

2 + 

syuiiaotr'' related con ’“iguration of such a Tin - vacancy 

2 + 

complex will be I‘In at III associa'ued wixn a vacancy 
it I '^ 2 * '-I'his is illustro.ted in I'ig. 3.7 This results 
in two magnetically inequivalent coupleses uaving Z~axes 
se-varated by in the ab plane. A sir.ij.].ar model with 

sec one neigiibour ca,tion vacancies either in ab plane or 
out of ab plane does not resul'i in the observed behaviour 
and hence it has not been considered. 





I'’|. 7.7 PaOJE'JTluil OF MKOKIUI'i 101,3 17 TlIF*ab PIiAJJE SiiOWlfHJ 

FOUR AJ)J0IJIS7 U2^IT 0ELL3 OF DIAiOUOUIK'I OXALAi b InOJOUIU, 
JUALiiL lUNOU RLPltFoEUT IUK3 Ac0 7E OiOi PLA.U OF vuF 

j»APivJ A:fL UUnilABFJ) UiiJlU HFP.iK 0^117 TfiOSE BELOW VJIE PLAUE 


OF WflE P4PF.R. A TWO POUdIBLE te' 


VAUAEUY PAIR;1 I'! T ;o 


ADJOliawa UNIT UELu3 AEB BHOWN. 13 IW THE S'-fR. 

I'UTIOiUL POSITION. E] STANDS FOR 7ACAII3Y OF luU, 
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The C-, I- anc! X-aizes spectra o:'" i'ln 


2 + 


ion 


(S 

AJ-‘i 


5/2, I = 5 / 2 ) corresponding to transitions 

+1, Aiiij = 0 were aiia-lysed iioin,* the spin-IIairiiltonlan'' 


7t = Pg,E^S^ + + PSyllySy 

+ D[S^ -( 1 / 3 )S(S+ 1 )] + _ s 2 j 

+ + A,.S I + A 3 I 

Z Z Z X X S J J y 


The suffixes x, y and z represent coi' L'aspond mg components 

along principal, axes. In case of L cuid E << Zeeman term 

and B « D, the terms upto third ore’er o.s given oy Ohambers 
5 

et al were found sufficient for this system. The 
resonance magnetic fields for different transitions for 


the nagnot'i-c field along Z-direction o.:’ the crystalline 

r 

field are pt'/en'''’ below; 

(a) fine Structure iransi cions. 


H(h, 


H( 




36 D%^ . 281 "^ 

- + 5/2-e^ + p/2;=h^+ 4i>!-4 |t'-+ 6"^+ -i— 

00 o 

. 3/2- . i/2)iin 2E n-sf i 


o 

^ T,. ZjI, 

5 . ih, 

4 g 3 


and H(M = + l/2^-»- - l/2)= ^ + 




o. ? 


o 


721^1 


H 


+ 


5 . 6 J. 


4 


H' 


o 


(3.1) 
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Iflien the magnetic field is alon,^ the X-or 

7 

the Y-axis, the above equations are modified by replacing 
I) by 1/2 (3E - D), and E by (l/2) (D + E) for H along 
X-axis f and D by -l/2 (E + 3E) and E by 1/2 (D-E) for 
H -along Y-axis. 

In evaluating the spin- Hamiltonian parameters 

from the Z~azis spectra four fine structure positions have 

been used. The position of the central (+ l/2 ■*-*■ - l/2) 

transition could not be accuratel;?- determined due to 

overlap of other lines from the second site. The values 

of H were apuroximately calculated from tne expressions 
o 

for extreme fine structure positions and and also 

the next and neglecting higher order terms in 

these expressions. A rough ectimate of I) was made by 
averaging its value obtained from the differences of H^ 
and and and neglecting higher order terms in 
these expressions. 
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Tlio value of J) obtained fron tlie Z~anis 

spectrum was furtber more accurately calciilated taking 

into account the conbribiTt ion fro'^ hi^ner order terns 

using average value of E of E- and Y-'aris spectra. The 

value of .3 could not bo estimated from the Z-aotis 

snectiuVi since niere is ro linear term in E and contribution 
-2 

from the #■' rerm ir very small. the values of (D+3EJ 

■ R 

from the Y~ahis spectrum was first estimeted rough3.y by- 
talcing the difference of and and ii^ and 

(E -E) from the The equation (5.1) were used to 

estimate D and E. Eurther refinement \Tas made by taking 
iiito account the contribution from higher order terms in 
the transformed ex'pression for T-axis spectrum. A 
similar procedure was adopted 'to get tne rexined vaAues of 
D and E. i^rom the S-azis spectrum the values of were 
obtained by adding and arm! 1129 taking into account 

the contributions fro'i'. higher order terms invol-ving 1 
and £. The s pin-liamiltouian parametei’S calculated zrom 
the X, Y anf Z axis spectra, are given in Table 3.1. The 
consistency of the parameters obtainea is satisfactory. 
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2 + 

Ta hle 3 . 1» The spin iJauiiltonian parameters for Mn 
doped in ^ 020 ^ 



Z 

Y 

X 

D(cm~^) 

513x10“^ 

511x10""'' 

511x10“' 

Ji;(cra^-^) 

+ 

37x10"^ 

52 x 10 “' 

S 

2.0069 

2.0099 

2,007 

A(cm”^) 

82x10'^ 

84x10"'^ 

87x10“ 


+ The value of E from Z~axis spectrum could not be 

r2 

ca3.culated due to small- value of tern. B does not 

o 

appear in linear form in the expressions for 
structure transitions, aM = ± 1° 


Z-axis fine 
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CHAPTER 4 


ELEGTROH PARAMAGNETIC RESONANCE STUDY 
OE 70^'*' IN ZH2P0^ SINGLE CRYSTAL 


ABSTRACT 

The electron paramagnetic resonance of 

2 + 

VO ion in KH2P0^ single crystal at room temperature has 
been studied. The EPR results suggests the formation of 
two vanadyl complexes in KH2P0^ lattice. One of the these 
complexes seems to be the well known [7Q(H20)^] which 
probably has been trapped in an orderly way in the crystal 
lattice. Eor the other centre, 70 ion seems to have 
entered the lattice interstitially resulting in the formation 
of a square bipyramidal type of vanadium. 
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INTRODUCTION 

2 + 

The electron paramagnetic resonance of VO 

ion has been observed in distorted octahedral environments 

1 2 

of hexahydrate complexes, the ext^nples being alkali alums ^ 

•5 

and Tutton salts." In alums trivalent cations are surrounded 

by nearly regular octahedra of water molecules where as 

in Tutton salts, the divalent cafions have such octahedral 

1 2 

surroundings. On doping the alums ' with vanadyl salts, 
VO^"^ substitutes for trivalent cations in alums and forms 
a complex [V0(H20)^] replacing one water molecule by 
oxygen of VO^"*" ion entering in Ti02^ and Ge02^ 

lattices is surrounded by a distorted octahedron of oxygens. 
Banerjee^®" carried out preliminary work in this laboratory 
a few years ago on the EPR of VO^'^ in Potassium dihydrogen 
phosphate (lIDP) single crystal#, but no definite progress 
could be made in understanding the system at that time. A 
detailed study has now revealed the existence of two types 
of vanadium complexes in KDP crystals and the present 
chapter deals with the results obtained in this connection. 

CRYSTAL STRUCTURE 

Potassium dihydrogen phosphate belongs to a 
tetragonal system at room temperature and its ©pace group 
is __ 2d. There are four molecules of IH2R0^ in 

its unit cell. In the ferroelectric phase (Curie temp. 
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'I'q - 123 the crystal belongs to an orthorhombic 

IQ 

system of class ^2^- ?dd. The crystal structure was 

7 _ 

first studied by ,fest' using h~ray techniques. The 
dimensions of the unit in the tetragonal phase determined 
more accurately by Cfbbelhode and Wood^fard^ are as 
f ol.l ows i 


a = b = 7.434 i, 0 = 6.954 & 

The atomic coordinates in the unit cell are given in the 
table 4.1. 

Ta ble 4.1 . Positions of atoms in the unit cell of 
Ul2P0^^ 

lattice points Coordinates 

4(P) 0,0,0; 1/2, 0,1/4; l/2,l/2,l/2; 

0,1/2, 3/4 

4(K) 0, 0,1/2; 1/2, 0,3/4; l/2, 1/2,0; 

0,1/2, 1/4 

2,y,z; 1/2 - x,y, l/4~2, 

x, y,z; 1/2 + x,y, l/ 4 ~z 

16 ( 0 ) yjS,z; 1/2 4 - y,x, I/4+Z 

y, x,z; 1/2 y,x, l/4+z; 

plus eight 

similar points about l/2,l/2,l/2. 
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Tlie pj.i'anie'cers ox oyy ^’en cSetejrnined 
accurately by neutron diffraction tecliniq.ue are x = 0.0328 
y = 0,1436 j z = U.1261. 

The .80^ groups are neari.y regular tetrahedra, 
J''very phosphate jroup is lijiked to fo'tir neighbouring groups 
by hydrogen bonds,' The Isngtii of C- li- 0 bond is about 
2.5 -S. The hydro jen bond in the l?i,ttice is such that it 
links an oxygen belonging to an upper phosphate group to a 
nei ->ibouring oxygen belonging to a lower phosphate group. 

' ach hydrogen bond lies verjr nearly perpendicular to the 
c-axis. In the paraelectric phase, the information about 
the location of hydrogen is '^^iven by neutron diffraction 
anal3!''SiG which '.hows a peak of scattering density midway 
between thetwo oxygens linked by hydrogen bond. The peak 
is found elongated along the axis of the bond. Tnis fact 
may be explained either by taking the thermal amplitude of 
vibration of the hydrogen atom to be larger a.long the bond 
direction or by taking statistical distribution of hydrogen 
over tiro positions of eq,uilibrium on the bond, ■'^hich are 
about 0,40 1 apart. The infra-red and Eaman inve^- tigations 
indicate tne validity of the second interpretation. The 
structure of the unit cell of in the space group 

I % 2 & is given in Fig. 4.1" 

In order to compare the Fdd system below 
the Ourie point with the tetragonal phase I 42d system. 
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T '6 above Ha,:! iltoiiiaii _,ives the resonance 

s 

uio.,--.'.! etic 'I'leld positions of the hyporfine lines° to second 
or her in A and -n as 




• - [id+D-mjb (4.2) 


.,2 


H = H 


2^2 r2 

4ii n 


2 2._ 2 
o ; i 




O T- 2 2-.;r2 2 
2 H^g P g 


2 2 2 
sin e cos emj 


wliere H = g^ = gi^ ^ cos^e + gi ^sin^e ? 

^cos^e + sin^e, being the angle between 

the Z-axis and the direction of the static magnetic field. 


S" .x'nKIxihiMTAL PROOl DuEB 

Single crystals of potass iam dibydrogen 
phosphate xfith VO^'^ impurity ions were grown from the aqueous 
solution oi AhiAlsAJd. grade KjjP salt containing 1 percent 
vanadyl sulphate by weight. A good cxuaD-itjr crystal was 
chosen and cut for IPxR study. The dimensions of the cut 
crystal were 0,6x0. 3x0, 3 cm^. The crystal was slightly 
blue in colour indicating the presence of fO ion, ihe 
spectroscooic analysis of experimental crysxal (carried 
out at the Spectroscopy Division, B.A.R.C., Somoay, India) 
revealed the presence of about 5® part per million oi 
vanadium. The crystallographic axes of xtDP wox-e confirmed 
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by e^-ro.f rotation picture taken mtii a v/eisenberg 
camera. 

The SPR spectrum was recorded on a, Variaii 
V- 45 b >2 spectrometer in the h-ba,nd., by mounting the crystal 
on a two plane goniometer crysta .1 holder. Dual rectangula.r 
cavity was used and the spectra were recorded on a dual 
strip-chart recorder. The magnetic field was produced by 
a 12-inch electromagnet and was modulated 03 ^ a 100 kHz 
modulator. DPPHy g = 2 . 0036 , was used as a field marker. 

The trequency of fche klystron was measured with a Hewlett 
Packard frequenc 3 r meter Z~ 552 B. 

HE SUITS AHD DISCUSS lOH 

Two spectra corresponding to two different 
kinds of centres are obtained. One of them which is pre- 
dominantly stron; t/iII be referred to as spectruDi I while 
the other one wliicxi is of moderate intenciti^ vrill be referred 
to as spec brum II. Fig. 4=2 shows the two spectra for H 
parallel to the c-axis of the crystal. Spectrum I shows an 
octet marked A^...,Ag in the figure while spectrum II shows 
two octets marked a^....ag and b^,..,bg. There is a 
remarkable similarity between the features of spectrum II 
and those of the spectra corresponding to the axial vanadyl 

pentahydrate complex [T 0 (H 20 )^] observed by Manoogian 

1 2 9 
and Fiackinnon and by Rao, Sastry and Tenkateswarlu in 
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different kinds of alums. 


The intensities of the octet 

ao» the intensity 
o 


y o o 


b^, ...bg are more than those of a-| 

ratio beinj nearlj^ 2 si. The lines a^. ...ag correspond 
to tie VO ions oriented along the c-axis of crystal 
while b^. ...bg correspond to those perpendicular to the 
c-anis-. In other worts^ a^. . . . ag may be called the 
parallel set (spectrum) (direction of VO^"^ centres being 
parallel to H) -while b^. ...bg may be called the perpen- 
dicular set (spectrum). As the number of VO centres 
will be twice for the perpendicular spectrum (X and Y 
direction) than those of parallel spectrum ( ^-direction) 
the intensity of the perpendicular set is expected to be 
twice than that of the parallel spectrum. The 1, Y and 
Z directions are the principal axes of the complex [‘V0(H20)g] 
complex, the Z-direction approximately coinciding with the 
c— axis of the crystal. Spectrum II has oeen analysed 
using the appropriate spin-Hamilt onian as that used by 
iianoO'gian et al^ and E-ao et al ’ [ Eq.s.' (4-.1) and C4«2) 

The constants obtained are given in Table 4.2 where tne 
corresponding data of the complex in different alums are 
also listed for comparison. 

further, evidence for perpenoicular and 
parallel sets for spectrum II comes from the splitting of 
perpendicular set into two when the direction of the 


2.~h 
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Table 4.2 » Sp in-Hamiltonian paraioaters ior YO doped 


in alum lattices a,nd in tLe 

parameters are in units of 

lattice of 
10"”^ cm"^. 

KDP, 

Hyper fine 

lattices 

^\i 


A 

"D 

References 

Rbil alum 

1.932 

1.975 

132.2 

66,6 

1 

CsAl alum 

1.932 

1.979 

H 

U) 

65.7 

p 

ICAl alum 

1.936 

1.977 

177 

63 

2 

Hli^Al alum 

' 1.940 

1.978 

• 176 

66 

2 

I'lAd alum 

1.939 

1.976 

174 

67 

9’‘ 

.CDP (Sp'©c.tfr 
ruia,_ I ; 

•rwS’2-'2‘ 

1.-9 65 

173,5 

69-. 8 

Pres ent work 

1<])P( Spect- 

1^;928 

1.96^6 

173,5 

72 

Present work 

rum II) 






. 



63 


iri-j-^ietic lield i;j rotated by 10^ from the c-axis in the 
a c (do) plane. /i compa^rison of I’ig. 4. 3 (a) and 4.3(b) 
taJcen with H parallel to o {9= 0) and 0 = 10*^ respectivelyj 
shows th.is splitti^ig. The split components are marked 

^1*' ^i'^' ^2*’ ^2 '' » in Fig. 4.3 (b). b^, b^ etc., 

represent perpendicalar set (spectrum) in Fi^. 4.3 (a). 

The parallel set (Fig, 4.3a) shows some structure and this 
becomes more clear when the direction of magnetic field 
becomes parallel to the a (b) axis (See i'ig. 4.4). This 
indicates that the principal axes of the m8,.gnetic centres 
of this complex are not exactly parallel to the crystal 
axes, but are spread over a small angle about the crystal 
axes. However a more detailed study of spectrum II at 
different angles could not be taken up due to its overlap 
with the predomiiiantl3‘ strong spectrum I for other 
orientation. 


As laeationed earlier, spectrum I shows strong 
set of eight lines A^.,..Ag (Fig. 4.2) when H is parallel to 
the c-axis of t'10 crystal. The angular variation of the ■ 
spectrum and that of tbe hyperxine solitting in the a c (or 
b c) plane arc shown in Figs. 4.5 and 4.6 respectively. 

^-ilien the rotation of the magnetic field is carried out in 
the a c (be) plane (see i^ig. 4.5) each hyperfine line of 
this set splits into a maximum of four components (Fig. 4.3(b) ), 
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;.iile it splits into two components only when the field 
io jjdiallel bo the a (h) axis. In an arbitrary direction 
each component further splits into txro making a total of 
eL.gnt. i'lie spectrum shows a maximuai spread when E makes 

an i:.n ^le of about 20 with the c— axis of crystal in the a h 
(o c)plane(see fiys. 4.5? 4.6 and 4.10). These observation 
su,g','escs that the orientation of vanadyl complex formed 
is such that it has four pairs of sym^ ietry— related sites 
x-rith their 2i-axes lying along the surface of a cone making 
an an i'le o" about 20° with the crystallographic c~axis. 
i'-iomb-r or cacb pair are equivalent for orientation of the 
magnetic field ixi the ac(or be) planes, further two of the 
four p.-iirs become one equivalent set xfhile the other two 
form anotner equivalent set when the magnetic field is along 
the a (or b) axis. All the four pairs becomes equivalent 
vmen the magnetic field is parallel to the c axis. 

The observation suggest further that the axis 

Is in the ac (or be) plane making an an ,'le of about 20° with 

the c-axis. This behaviour can be e^.plaixicd if one assumes 
2 + 

that vO enters the lattice at an interestitial site X'fhere 
the position of tour oxygens is congenial for the formation 
of a nearly square pyramidal vanadyl complex in which 
vuiadyl is known to exist such as in vanadyl acetyl 
acetonate.^^ The structure ol vanadyl acetyl acetonate 
is siiovra in fi 4-7, for illustration. The projection 
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of Mi^PO^ in the ab plane (Fig. 4.3) sliovrs four oxygens, 

numbored 15 2,3,4 lyiuj; nearly in a plane vrith its normal 

making an angle of about 40° with the c-axis. However, 

2 + 

xflicn VO ion enters the lattice forining a comnlex with 
those ox^T'gens, the complex seeuis to get stabilized such 
that 7=0 bond ma'cos an angle of 20° with the c~axis as 
ob'^'erved. The positions of the four oxygen atoms more 
litely f-orm a rectangle making the complex a non axial one. 
Thus the rhombic components may probably be responsible 
for the observed doubling of the lines, making them eight, 
wheu the Gr 5 '’stal is rotated such that the magnetic field 
Is out of ihe ab plane. A model of the orientation of 
Z-a; is is shown in Fig. 4.9. The "spectrum has been 
:uiil/sed using the expressions given in equation (4.2) 

A'o )ronriate to axial symmetry and the parameters ohtanned 
arn give n below » 

= 1.922 ± jODl 

g, = 1.963 + «C01 

JL 

A = (178.5 ± 2.5)x I0~^^cm-^ 

13 = (69.0 + 3)x lO"^cm“^ 

The angular deuendence of hyperfine constants 
is shown in rig. 4.10. The points are experimental points 
and the curve is a. theoretical one, calculaoeo. using tne 




Hto I 
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constants jgiven above and tlie expression (.4.'2), It aay 
be mentioned that .6 and values are somewhat 
approximate in view of the observed non axial nature of 
complex. 

In conclusion, it maj^ be mentioned that in 
most of the investigations of 70^"^ in variety of lattices 

2 - 4 - 

reported in literature show that VO does not enter the 
lattice as a point defect but it forms a coniplex, the 
formation of which is helped and stabilized by the 
structure of the host lattice. It is well known that 

vanadyl ion exists as [VOCh^O)^] complex in water 
solutions and in a number of hydrated salts such as vanadyl 
sulphate. It is probably the most well understood complex 
involving tiie vanadyl ion. However, it is interesting to 
note the formation of this complex in HHP single crystal. 
Ordered intercrystallization of two different tj/pes of 
structures is well know and it has recently been reported by 
Sastry^^ in the IPH study of Pd doped ilK^Cl single crystal. 
Thus, during the process of crystallization of HDP from 
water solution, containing the 70^ impurity, [VOCH^O)^] 
complex gets probably, trapped in the crystal and there 
is an ordered intorcrjrstallization of this complex, though 
small in concentration, in hDP crystal. 
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CH^Ti’ER 5 


ELECi'ROR PURAI'IA.iAE'IIG RESOW OB OB lOK II 

T'lAlC 30 ^) 2 . 12 H 2 O SIIGLE CRYSTAL 


ABSTRACT 

'5+ 

The electron paramagnetic resonance of Cr 

ion in TlAl(SO^) 2 . 12 H 2 O single crystals has been studied 

3+ 

at room temperature* Gr impurity ion seems to have 
3+ 

replaced A1 ion in the crystal lattice. Bour direction- 

ally different, otherwise, similar magnetic centers are 

3+ ' 

found. The site symmetry at Gr has been found to be 
trj-gonal with the principal 2 a>-is along cry s tall ogra.phic 
<111> axis. Using the spin Hamiltonian a'>propriate to 
trigonal symnetr relevant parameters have been calculated. 
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IimODJCTIOU 

'The study of electron parame-gnetic resonance 

01 Cr ions with varied concentrations in single crystals of 

alums has drawn considerable attention. The work of Bagguley 

and G-riffiths^ on li, Rh, Cs, and chromic sulphate 

alums a.t room te^iperature reveals the existence of four 

flia^netically non- equivalent, otherwise similar, complexes 

subjected to a small trigonally distorted octahedral crystal 

2 

field. Further, the work of Danilov and Manoogian and that 

3 

of Manoogian and Danilov in similar host lattices but 
3 + 

containing Gr in diluted amount demonstrates similar 

magnetic centers in trigonally distorted crystal field of 

octahedral symmetry. The present chapter describes the result 

of an E?R study of Or^'*' ion in TlAl(S0^)2.12H20 single 

crystals. It may be mentioned that the work of Manoogian and 

leclerc^ on the temperatiire variation of the D parameter in 
3 + 

Gr doped alums a,ppeared after the present work was 
completed. However, the 3 r have reported on'igr the D value for 
Or^**" in TlAl sulphate alum at 77°^, 195'^M and 2S'J^K and no 

other details of the DPR work on this system are given. 

THD STRUCTURE OF ALMS 

'The alums are a series of double salts for 
which the general formula may be expressed as 

IGH^O, in which and are monovalent 

and trivalent cations respectively and R stands for sulphur, 
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seleniura or tellurium,^ The structure and classification 
01 alums have been studied by Lips on and B severs*^ and 

Y 

Lips on. The crystals belong’ to a cubic system and possess 

point -iroup symmetry T-^^ = (2/m)3 and space group T^ 

3 

(Pa 3). There are four molecules in the unit cell. The 
nearest neighbours of monovalent and trivalent cations are 
six water molecules and they constitute octahedrons. The 
octahedron about the monovalent cation is somewhat distorted 
whereas the one about the trivalent cation is nearly regular. 

The alums are classified as ccy P or y depending 
on the differences in the arrangement of atoms, molecules 
or ions. In the a type alums, the <111> axes of the water 
octahedron surrounding the trivalent cation coincide with 
t?ie <111> axes of the crystal, but the cubic axes of water 
octahedron are displaced from the cubic axes of crystal 
b;?" a rotation of 9.5'^ about the <111> direction of the 
crystal. There is a Sinall trigonal distortion along the 
crystallographic <111> direction. The an_i,le of rotation 
in tile p type alum is 0*^ and in the y type alum it is about 
40°, ^ Por the y type alum the sulphate groups are 
oriented in opposite directions along the crystalloc^r-iphic 
body diagonal. 

Lipson"^ postulated that the size of the 
monovalent cation determines the type of alums. 


A medium 
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«.5iae cation is responsible for a type aJjany larger- size for 
|j type e-lun su'-l si'ioJJ. size for y tyne 'Iri'n Though the 


mc'.s 


nonber of 11 ia liiyh t]ie ionic radias of T1 is 


o, 


etiaal'' bo tiin/c of Rb 


L'-pe 


+ 


'Thus i'lAl a.lniri beloii-,s to a 
I'ne size of the trivalent Cc.tion also 
de\ ei'Miii.'rj t;jc type of alum. ” The edge of its unit 

cell is 12 . 2321 .^“^' 

Jj.:xPjLblii'i.h!f AL PiiOCi^UjlA 

Sing.le ciyratals of tljalliuie aluji-iniuu alojn 
dop*- (' uith ions Tfere yro'^’U at roO'': ts perature by slow 

evaporation of b' e aqueous solution o'? -cnallius sulphate 
ami ilu'.'>ir!a’im scluhate taken in stoichiometric ratio 
ccxxbaiiJn: s:ial-l a. ount of chronic sulpha be, I'he crjrstals 
were .ound to grow T/jj.th well defined ( 3.11) planes in the 
iS'io.l ha,L’it oX other a3-a..'S»~’^ S-'he crysrai 'camen for the 
xjfp ■‘,1 idy was bears or, re n t auc co3_ou.rle''S rith 0, TnO, 6-=-..0, y 
cc'-^ Glnoos-loti, 

b'h e eleci/ron mraij-- •I'lcxic resoij'. nee speculum 
was recorded on a farian f-4502 ..-band spectrometer usins 
a o^llrdriCcil cavity, a 12 inch elecirovai-eeii and 100 kija 
j.'.odmlat ton. The freque.’cy of klystron was measured with 
a iieTrlwt'c-Packard frequency meter i:’532 -3. DPPH, for xjhich 
■■ = 2,0036, was used as lie.ld marker. 
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3+ 

Or ion nas a 3 d'' coniijnratior. anc its 
ground state ie ^0', I'his state ha,s a st.‘eri-xold orbital 
degeneracy and a -o’ur— fold spin degeneracy. In the 
presence oT; a crye bal 7 -ine field of octane ral symmetry the 
orbital de^-^eneracy is partiall;-' lifted o,uc the resulting 


orbital state; 


O CX± C C. 


in,: 3 let ste.be a trxp.ly 


degenerate T . and r„ states 
4 0 


1 ol Y d e.' •, on e r a t e 


st'ites lie several tnoosand vav^e iranbors s ;ove the 12 
state. The state of our interest is 12 uhich has four- 
■‘old spin degeneracy. This spin degei-^^racs" cannot be 
lifted by spin orbit coupling aD-one. In the presence of 
si.jall anal distorbion, tne four“fold spin c'egencra.c3'’ is 


cart tally re'iiovod leaving t'^'O Trau'iers ' do iblc 


birther. 


the ap^jlication of nagn'-^cic fielc' can re-O'/e the de3’enerac3r 


of tie kraiiers' double ^ 


T..1S is SjiO''«'rri in ii 




:lie Zeeman c orrp on 3 b“loii',irxj$ to ^ s'cate are appreciably^ 


poouJ^ateo at roo'* re roeratrro as per 


Joltzoian ’s 


die lribut3,ori lav* He ener-j,” 5a.ps at moclerate fields 
are coaparacle to rlie ni^roKave treciuoiicir used. Therefore, 
three abeorptioa oigx'^als for tra.i&ition berjeen these 


scares urcer 


the 5 election rule All = .-f 1 can be 


observech '‘lere, Ih, taisies Vcliies -^3/2^ -1-1/2, -l/2, aio-d 

o 

- 3 / 2 . The spectrum, so obtained, constioutec fine 
sbructure. A -'urt'''er split bin j oi fine sbrucu'ire can 
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-plus -trigonal symmetry, the zero field splitting 
gives two kramers' doublet's. EPR transitions 
AMgstI between Zeeman levels are indicated by arrows. 
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result if the nuvoleus has a nonvanis hi:i i' spia. 'Ihere 


are xwo aiaiii ilduC-bs ox chroLiiirx, 




V-/X V 


(I = 0) has 


natural abandaiics 

of 84 percent and 

'j ^ 

(i = 3/2) 

of 

9 , 5 per 0 eut . Ine 

isotope •^^Gr (I = 

^ 3/2) 

is enpec 

ted to 

give h/iocr me spl 

.it t in;; , however , 

ill L 1 

e present 

s cudy 


no b'iPpcrfii'xL fj wa,s oh erxec. iliie nis’ht oe due 

to wea;x mtensit,/ nid close spliltin, ox tne iiyperfxiie 




coiiiooiients mi ion seem to nars ijoen ma'-ccc. 


the fine 


rr ^ 


structuie line of the more ahuiica.ni 

3+ 

The appro ijriate spin rLamiltonian for Gr 
ion in a rrigonally distorted octahedral field of host 
lattice, suhjecoed to a erternal magnetic fxeld is given'" 

I"' eXc'T ^ 


:/r 


f g , H ( B 3 ,) + -L' [ 3 ” '" ( 1 /?) S ( D+1 ) j 


'-T* \j A j 


^JL 


rnecic field is oriented parallel to the Z~ 


direction, xhen 


g y H,3^ + D[3^ eigenstates 

are !+ 3/2 > and j ± l/2 > • ffe eigex values of the 

above iiaxailt oninn are 

- ± 3/2 g|, ? =i + D. t 1/2 S|, Mi -- 3 
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Tlie fid 4 positions o: ■'’’irioiis transirioii inder the 
seD.octiou m.le /hi' = +3. aTe Ti'''£ii i;r-~.ofv = 

r< T--, ■ “ _• 


^"1 


•"3 


djJ 


H ^ 2L 
o 


where D is ez'oressed in gauss and rl sti.nds for -"—-j. 

0 


liSSUi.iS A'fO DlSCIJSSIOy 


file E2E. snectru'p. of 


r<-„3 + 


xo'-i in e single 


crystal of T1 a 1( bO^) 2 . 1242*3 vas recorded a,t room teMperatur€ 
a.iic- ils angular variation has been studied in tne crystallo- 
, graphic (llU) and (ill) planes and is slionn in Pips, 5* 2 
and 5 ->3 respectively, fiie planes of the -rystal were 
identified froJi uhe usual .growth Inoits £.n'- a-orphoi'ogy 


of alnRS. 


1=: 


Tlis angul.ar vari.ation o-f line positions is 


quite siini'.ur do tliose obtained L’uff_oo“ and neaioogian 
in Rbda arc' Os la almris. It is found tnai there are four 
si 'ilar oat direct ic:ia.lly oiffereut ua nctic conpleues 
for Cr-^”^ ion in Till al-uus, eac'x beln, resi*onsible for 
three nPh trail • c Lions under tne He3-eG u.i on rule A 1^= +1, 
Transitions fron fo’ir coapler.ea are idenoidied. "ith E in 
( 111) plane and! are narked I, II » HT ind If anri are 
snown in Pig. 5-3. There are, sone none l.i.ues of weak 
liitc'ii' ity towards the low field side. ine'c lines seen 
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3,11 axially divS Ported site in the lattice.. 

The anohlar vario>tion of the spectrum in the 
plane of crystal lattice revealed pertecc bu 
.tion of the EPR spectre, as in Cr^"^ doped gallium 


alLi'ic. ■ This is in conxornit; 
symMotry in the systerr and it 
od TlAl alum te also cubic 

about the <111> direction, ■'■at 
ti'i.j,oiial one. Ib’oi'i the o i tila 
piano (see dig. 5-j) it ie cle 
thr-'-e lut'^s 'hich is angilar i 


I'-itb the existence ol 0.:^ 


appears that the structure 
irith some local distortion 
:in , the local S 3 ^m.ietry a 
,r variation in the (ill) 

;ar tha,t there is a set of 
.t re pendent. The separation 


between tne eztrerie lince o; tiis set is nearly halt 
th.e separation hot' sen tie extreme lines (parallel spectra 
o!h:alned when H is parallel to <111> direction. This 
ueo, iS thP,t this angular ind.e pendent set is the pei pen— 
(lici^lar (^/f) spectrum. Irom the parallel <-.,nd the 
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perpendicular spectra th.e g , g and D values have been 
calculated. The values are given below 

g\. = 1.976 + .004, gj^= 1.972 + 0.004 

3 = (579 + 5) X cn“^ 

The experimental and theoretical angular variation of the 
fine structure of ion at one of its sites in 

T1A1(S0^)2.12H20 is shoTO in Fig. 5.5. The theoretical 
expressions^^ for the fine structrore line positions are 
used after appropriate modification. 

The temperature variation of D parameter of 
Cr^"^ ions in a series of hydrated salts reported by 
Manoogian et al^ shows that in the case of TlAl alum its 
value is 683 ± 5 x 10“^ cm“^ at room temperature, which 
is close to (679 ± 5) x 10~^ cm”^, from the present 
experiment. 

The origin of trigonal distortion is probably 

22 

due to the effect of ligand around the magnetic ion. 

In a type alums, keeping trivalent cation to be the 
same, we can correlate to some extend as sho^m in Table 
5.1 the ionic radii of monovalent cations with the 
magnitude of the D parameter of the or ion. This 
table shows that the value of the D parameter increases 
with the increase of ionic radius of the monovalent 
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■tioii. It tLas looks plausilj.e a.s ppinted out b; 


ifeuri.io'v' cind iianooTian 


kier cu-is;ic.' erations tliat the 


size deter' iiiie"5 ti;e di.-rk 


SIX water raoj.ecuj.« 


;oord‘t-nated to It and also 'Vne dia trib'ution of the 


sulpha-te proupa 


e ois cj-ao? 


0 t h e s e t^ra ter 


D.o3-ecoJ.eB and sulphate ;p:’oiips aipht in luence the tor'tation 
o:d tri'rpnal distortion at the trivalent site of the 


mapiiexxc ton. 
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